Objectives: To quantify tissue remodeling induced by static and cyclical application of tensional forces in a living perfused tissue. Background: Cells are able to respond to mechanical cues from the environment and can switch between proliferation and quiescence. However, the effects of different regimens of tension on living, perfused skin have not been characterized.
R
econstructive surgeons treat an increasing number of skin tissue defects due to the aging population and the epidemics of diabetes and obesity. 1 Previous attempts to promote wound closure by using growth factors and cytokines to stimulate cell proliferation, motility, and angiogenesis have been disappointing 2, 3 possibly because the physical environment of the wound has largely been ignored. Mechanical tension, for example, plays a critical role in control of cell growth and function, and is important for tissue remodeling in many tissues, including skin. 4, 5 In particular, cell proliferation requires an extracellular matrix (ECM) that physically resists cell traction forces and increases isometric tension within the cells adherent to it that is required for movement 6 and growth. 7 Numerous in vitro studies have established that soluble growth factors cannot stimulate proliferation when cells are adherent to ECM substrates that cannot resist cytoskeletal tension. 8, 9 In the absence of an ECM that can resist cell traction forces, endothelial cells retract, and become round and apoptotic. 10 Thus, soluble growth factors must act in concert with ECM and mechanical stimuli to promote cell growth and motility.
Clinical studies with tissue expanders has illustrated the importance of mechanics for tissue development and wound healing. 11, 12 For example, recent findings show that closure of chronic nonhealing wounds in humans can be accomplished using a device that exerts mechanical stresses on the healing tissue. 13 This device that is now used clinically applies a vacuum through an open pore foam that is adherent to the wound bed and covered with an occlusive dressing. 14 We recently proposed that the positive clinical results seen in this form of microdeformational wound therapy are caused in part through the application of mechanical forces at the cellular level, 14, 15 which we refer to as micromechanical forces. Therefore, application of a moderate external force to intact perfused tissues would be predicted to promote growth of both blood vessels and parenchymal cells within that tissue. We test this hypothesis by analyzing the effects of the application of different mechanical force regimens to the ears of living rats.
MATERIALS AND METHODS

Rat Ear Stretch Model
Wistar rats (Charles River Laboratory, Wilmington, MA) were cared for in an Association for Assessment and Accreditation of Laboratory Animal Care certified facility under an approved experimental protocol. Ears were shaved 24 to 48 hours before the start of each experiment and attached to custom-built ring-shaped devices through 3 latex adhesive pads using cyanoacrylate glue (Dermabond, Ethicon, Sommerville, NJ) and rubber bands. The rubber bands were calibrated for tension versus distance by stretching using a digital force gauge (DFI 10: Chantillon, San Leandro, CA). Continuous tension, 0.50 Newtons (N) (ϳ50g force) was applied for a period of 2 days, and 4 days continuously, or 8 hours cyclically (2 hours on and 1 hour off). The ears of the tension-free animals received sham devices, with rubber bands free of tension. Each animal received a stretch device on 1 side and a sham device contralaterally.
Finite Element Analysis of Rat Ear Stretch
The rat ear subjected to the stretch device was modeled using FEMLAB 3.1 (Comsol, Paris, France) software. The experiment was modeled as a 3-dimensional, structural mechanics, solid (stress and strain) representation with static analysis. The rat ear was modeled as a linear, homogenous, elastoplastic material, and a number of specific mechanical properties was used. A Young's modulus of elasticity (E) of 16 which is the approximate modulus of elasticity for human skin, was used, and a Poisson's ratio (measure of the tendency of a stretched material to get thinner) () of 0.49 was assigned. 15 The system was designed with the average dimensions of a rat ear (2.0 cm ϫ 1.6 cm ϫ 0.1 cm). The 3 adhesive pads (used to apply tension) were then added, and a composite object was created. Boundary conditions were implemented at A (left lateral pad), B (top pad), C (right lateral pad), and D (base of the ear). In accordance with the experiment outline, boundary A was given a force of Ϫ0.5 N in the x direction, boundary B was given a force of ϩ0.5 N in the y direction, and boundary C was given a force of ϩ0.5 N in the x direction. Boundary D is where the rat ear is attached to the body and therefore was constrained in the x, y, and z directions. The model was then meshed, refined, and solved. Results were expressed in kPa (1.0 kPa ϭ 1000 N/m 2 ).
Intravital Microscopy
Intravital microscopy pictures of the rat ear vessels were taken daily to monitor changes in vessel size and morphology. The main dorsal blood vessel along the y axis of the ear was identified macroscopically. Areas of interest were marked using India ink before stimulating the ears. Serial images of the vasculature were taken of these predesignated areas. Blood vessels in ears stretched for 4 days continuously and 8 hours cyclically were compared with the sham counterparts. Three groups of animals were included in the study: 2-and 4-day continuous stretch and 8-hour cyclical stretch, 15 animals per group were studied. During stimulation, rat ears were viewed under a light microscope at 10ϫ magnification at a fixed distance below the microscope lens. The ears were transilluminated from below using a light source of constant intensity. Digital images of the ear vasculature were taken from 3 different areas using a Kodak DC120 Digital Camera, (Kodak, Rochester, NY). Vessel diameters were measured digitally using Adobe Photoshop (Adobe, San Jose, CA).
Immunohistochemistry
Ear samples (n ϭ 3), collected 72 hours after force application, were bisected along the longitudinal axes and fixed in 10% neutral buffered formalin. Paraffin-embedded sections were rehydrated and antigen retrieval for proliferating cell nuclear antigen (PCNA) analysis was accomplished by microwaving in 10 mM sodium citrate (pH 6.0) for 10 minutes. Sections for endothelial cell marker platelet endothelial cell adhesion molecule 1 (PECAM-1) were treated with 40 g/mL proteinase K (Roche Diagnostics Corp., Mannheim, Germany) for 25 minutes at 37°C. PECAM-1 (Pharmingen, San Jose, CA) and PCNA (Dako Corp., Carpinteria, CA) primary antibodies were incubated at 4°C overnight. PECAM-1 signal was intensified using tyramide amplification system (Perkin-Elmer, Boston, MA). PCNA staining was performed using Vectastain ABC Kit (Vector Laboratories, Burlingame, CA).
Quantification of the Endothelial Surface and Cell Proliferation
Digital color images of the samples stained for PE-CAM-1 were preprocessed before quantification to ensure uniform contrast of PECAM-1 positive areas relative to the background as previously described. 17 Briefly, images were converted in pure black and white representations, where black is the endothelial surface and white the background. Between 6 and 12 microscopic fields at 40ϫ magnification were used to quantify endothelial surface extension % (black signal/white background) in stretched and sham ears.
Ear sections stained for PCNA were analyzed for cell proliferation in a manner similar to the method of vessel density quantification. High-power digital images of PCNA stained ears sections were used to measure the number of PCNA-positive cells relative to the total number of nuclei. The degree of proliferation was quantified over the entire ear section using 4 to 6 fields at 40ϫ magnification and expressed as a ratio of proliferating nuclei (PCNA-positive) to total nuclei. Keratinocytes, fibroblasts, and endothelial cell proliferation were separately quantified.
Mercox Corrosion Casting
Seventy-two hours after 2 or 4 days of continuous stretch or 8 hours of cyclical stretch, animals (n ϭ 3-6 animals per group) were euthanized for corrosion casting.
Mercox Embedding Resin Kits were obtained from SPI Supplies (West Chester, PA). Intravascular access, using an olive-tipped metal cannula, was established via the left ventricle while the rat was under deep anesthesia. After the descending aorta was suture ligated, a vent was created in the right atrium. The entire vasculature was subsequently irrigated with normal saline until clear of blood. After the blood had been washed out, the vessels were perfusion fixed by flushing with 15 mL of a 2.5% glutaraldehyde solution. Subsequently, 15 to 20 mL of a Mercox/methyl-methacrylate/
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Tensile Forces Stimulate Tissue Growth catalyst mixture was injected through the cannula to completely fill the ear vasculature and allowed to set. Ears were then carefully harvested and frozen in distilled water until time of processing. The tissue encasing the Mercox resin was corroded by boiling the ears in water (38°C), followed by potassium hydroxide. The resulting vessel cast was then sputter coated using gold dust and viewed at 10 kV using a scanning electron microscope.
Statistics
All statistics and graphs were calculated and plotted using Sigma Plot Software (Systat Software; Point Richmond, CA). In each animal the ratio stretch/sham was calculated. A paired Student t test was used to determine statistical significance. A P value of 0.05 was considered statistically significant.
RESULTS
Tension Application System and Predicted Responses
For studying the effects of tension on perfused systems, we developed a new in vivo rat ear model. The ear, being thin and semitransparent, allowed for the quantification of the response of the blood vessels to forces using in vivo microscopy over time, without harvesting the tissues.
We first modeled the effects of force application on the rat ear to assist in the design of our tissue analysis. To determine the expected distribution of stresses throughout the ear tissues in response to applied tension, Von Mises stress plots were constructed from the solved finite element equations (Fig. 1A) . In the microphotographs, it is possible to see how tissues subjected to forces are deformed and thus how the cells were subjected to mechanical strain.
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Although skin is generally considered to be a nonlinear, viscoelastic material 18 results from the Von Mises stress plot along the y axis appeared linear until approximately 2 kPa of force (Fig. 1A) ; thus, the ears were modeled as linear materials. The Von Mises stress curve can be broken into 2 main linear ranges of approximately 0 to 1(low level) and 1 to 2 kPa (midlevel) of force, both extending approximately 2 mm into the tissue (Fig. 1A) . A third range of 2 to 3 kPa (high level), extending approximately 1 mm closer to the apical adhesive pad, was also identified. Preliminary studies using the tension application device showed that forces in the range of 1 N (ϳ100g) induced tissue injury within 4 hours of application, characterized by edema, oozing, and bleeding through the damaged epithelium, de-epithelialization (Fig.  1B) , and the appearance of extravasated cells in the interstitial space. When this type of injury is induced, the inflammatory response masks the effects of micromechanical forces. Thus, we chose to use a lower tensile load of 0.5 N, which elicited vascular changes without inflammatory response as confirmed with histologic sections. Forces applied to the ears induced cell displacement, particularly in the epidermal layer, and straightening and realignment of collagen fibers in the dermal layer (Fig. 1C, D) .
Tension Application Increases Blood Vessel Diameter
In the midlevel (1-2 kPa) force region, analysis of the size of rat ear dorsal blood vessels using intravital microscopy revealed a progressive increase in the diameter of the main longitudinal vessel over time ( Fig. 2A, B) . The vessel increased in size by approximately 30% within 6 to 8 hours of cyclical forces (P Ͻ 0.01), when compared with sham ears (Fig. 2A) . When continuous tension was applied over days, progressive increases in diameter were observed, starting after 2 days, and resulting in more than a doubling of vessel diameter by 4 days (P Ͻ 0.001) (Fig. 2B, C) , when compared with sham ears (Fig. 2B, D) .
Stress-induced Changes in Vascular Remodeling and Epidermal Cell Proliferation
We then compared the effects of cyclical stretch (2 hours on, 1 hour off) for 8 hours versus application of continuous tension for 2 or 4 days epidermal cell proliferation and vascularization. Samples collected along the main axes of the ears were topographically analyzed based on the 2 main linear force regions (0 -1 and 1-2 kPa), allowing for a more defined interpretation of the biologic results. The topographical extension of the region where higher level forces (2-3 kPa) were sensed by the tissue was limited, and therefore could not be identified with reasonable precision, and so was excluded from the analysis. Three days after the removal of the tension application apparatus, tissues were harvested and the analysis was performed comparing stretched ears to sham controls.
The effect of mechanical loading on cell proliferation was assessed by PCNA staining, a marker for cycling cells. In the epidermis, cyclical regimens of midlevel forces (1-2 kPa) increased cell proliferation by a factor of 1.8 (P Ͻ 0.05) whereas in the area subjected to 1 kPa no changes were seen (Fig. 3A) . When the same forces were applied continuously for 2 days, a 3-fold increase in epithelial proliferation was observed (P Ͻ 0.01), with PCNA positive cells increasing from 13% to 39% (Fig. 3B ) compared with sham ears. Cell proliferation levels induced by this midlevel force regimen were also higher (P Ͻ 0.05) when compared with the proliferation rate of cells within regions subjected to the lower force regimen (0 -1 kPa) (Fig. 3B) . After 4 days of exposure to midlevel forces, a 2.8-fold increase in cell proliferation was observed (P Ͻ 0.01) relative to controls (Fig. 3B-D) , and the lower force level induced a 4-fold increase in cell growth (P Ͻ 0.01) (Fig. 3B) .
When fibroblasts and endothelial cell proliferation rates were quantified, no difference was seen between tension and tension-free tissues. The response of the vasculature to stretch was evaluated by quantifying the area of endothelial cells within histologic sections after staining for the vascular endothelial cell marker PECAM-1, a molecule that is also involved in mechanotransduction. 19 Cyclical regimens produced a 2.8-and 1.5-fold increase (P Ͻ 0.05) in vascular area within 8 hours, compared with the sham ears in the areas subjected to mid-and low-level forces, respectively (Fig. 3E, G, H) . Comparing the 2 areas subjected to forces, total vascular endothelial area present in regions exposed to midlevel forces was significantly higher that that observed in regions subjected to low-level forces (P Ͻ 0.01) (Fig. 3E) .
Continuous exposure of ears to the midlevel force regimen for 2 days induced a 2.8-fold increase (P Ͻ 0.05) in vascular area (Fig. 3F) . No changes were seen when lowlevel forces were applied, and no vascular changes were observed in tissues after 4 days of exposure to continuous tension (Fig. 3F) . From the trendline analysis of the results, 2.25 days (ˆmark, Fig. 3B, F) were predicted to be the point in which both the vascular surface and cell proliferation peak.
We also made casts of the microcirculation to visualize the morphologic changes in the vasculature subjected to forces. Overall, the microcirculatory network subjected to midlevel forces displayed microvessels with a less homogeneous caliber and higher curvature (Fig. 4) . Interestingly, microvessels subjected to forces showed the highly oriented tridimensional direction, as if forces redirected their distribution in the dermal space along the main force vector direction. Heterogeneity in caliber of the vessels and increased curvature are early signs of vascular remodeling. These peculiar changes are characteristic of the casts collected after the application of continuous force, and cyclical stretch regimens were also able to induce similar initial signs of vascular remodeling (Fig. 4) .
After observing the characteristics of the physical data and trendline curves, an empirical graph general model was generated to predict cell response to the application of forces using increased vascular remodeling and proliferation as markers of tissue function (Fig. 5) . As shown, tissue growth is induced with the application of increasing tension. The curve depicting the tissue response to increasing amounts of force has a maximum slope illustrating the point at which maximal safe stimulation is achieved. After the maximal stimulation, tissue damage occurs, the tissue loses its physical properties, homeostasis is lost, and cells lose their ability to respond to mechanical forces and undergo apoptosis, as previously shown in vitro.
20
DISCUSSION
We characterized the response of perfused mammalian ear tissues to different regimens of mechanical forces motivated by the question of whether tension may be exploited to promote wound healing. We found that tension induced increases in vascular area and epidermal cell proliferation, which are both critical for enhanced repair of tissue defects. Our experiments show the possibility of predictably harnessing the stimulatory effects of mechanical forces on wound healing in vivo, within a few hours or a few days from the start of stimulation. Over days, results suggest that increasing force amplitudes until tissue damage induced higher stimulation in shorter time. At early times (Ͻ8 hours), the blood vessels of ears subjected to cyclical loads increased in diameter compared with those in sham ears, whereas continuous tension did not induce significant changes. After cyclical loading, the total blood vessel area measured in histologic sections increased to similar levels as observed in tissues exposed to continuous tension for 2 days; whereas epidermal proliferation reached approximately 58% of the increase induced by the 2-day continuous force regimen after only 8 hours.
Tissues appeared to react more promptly to cyclical force regimens. More studies will be needed to determine the mechanotransduction mechanism in skin, but in other tissues such as vasculature, cyclic forces are more effective in influencing genetic expression. 21 Optimization of waveform may induce quicker and ultimately higher levels of cell proliferation and tissue vascularization when applied to wounds.
Rat ears are complex anatomic structures consisting of epithelium, dermis, fat tissue, muscle, and cartilage. These heterogeneous tissue components have different mechanical proprieties, and most likely respond in distinct ways to force application. We were surprised not to be able to measure more of a proliferative response in fibroblasts or endothelial cells. It might be that the ECM shields these cells somewhat from the mechanical signals perhaps by deformation of the collagen matrix. 18 Devices that induce deformations on wound beds, such as microdeformation wound therapy, may directly stimulate dermal cell proliferation, 15 promoting granulation tissue formation. New strategies for accelerating wound healing, based on the use of mechanical forces and surgical techniques, such as tissue expansion and distraction osteogenesis, would greatly benefit from the optimization of the force characteristics and distributions.
A series of in vitro work over the past few decades have established the relationship between cell-shape distortion and the regulation of its growth and function. 10, 12, 22 It is likely that mechanical forces played an important role in inducing epithelial cell proliferation. Mechanical deformation of the keratinocytes may have stimulated cell growth by altering 
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Tensile Forces Stimulate Tissue Growth biochemical signaling responses within the cell, as demonstrated in many studies with cultured cells. 10 Increased vascular area noticed after the application of tension can also be a consequence of endothelial cell migration, cell signaling from the epithelium and vascular remodeling, rather than endothelial proliferation. Additional studies are required to characterize the changes in blood flow and the response of endothelial cells and the cross-talk between epithelial and dermal cells to mechanical stretch to enhance vascular stimulation in nonhealing wounds. After the removal of the forces, the mechano-induced proliferative and remodeling response would likely result in tissue gain, important to cover tissue defects, as shown in tissue expansion.
CONCLUSIONS
These results show that tension on perfused tissues determines an amplitude and waveform dependent cellular response in both the epidermis and in the blood vessel of the dermal tissue. We hope that a better understanding of the response of living tissues to mechanical forces will allow the development of novel surgical techniques.
